ABSTRACT. Shifting hydrological phenomenon under changing climate would lead to decreased water availability, and thus would worse water supply-demand conflicts resulting in penalties on local economy. To tackle water shortage problems, water trading has been proved as an efficient and economical method. However, complexities and uncertainties in water trading system may result in its poor efficiency and improper management. To address these concerns, an inexact two-stage stochastic nonlinear programming (ITSNP) model is proposed for water resources management through water trading under uncertainty. The ITSNP model can reflect nonlinearity of the problems, incorporate uncertainties expressed as probability distributions and discrete intervals, and provide linkages between predefined policies and associated economic implications. The developed model is applied to a case study of water resources management of an agricultural system with and without water trading schemes. The obtained modeling solutions indicate that water resources management is more efficient with water trading than without water trading particularly during dry seasons. Moreover, it is found that water trading is a suitable method for adaptation to climate change impacts under water scarcity.
Introduction
Impacts of climate change on water supply-demand balance have been concerned in many parts of the world, especially for those located in arid and semi-arid regions (Herrington et al., 1997; Frederick et al., 1999; Lettenmaier et al., 1999; Beuhler, 2003; Merritt et al., 2003; Ojo et al., 2003) . Recent studies indicate that probability of low-flow occurrence would increase in most watersheds because of shifting hydrological regime under changing climate. This would result in decreased water availability. At the same time, due to socio-economic development, water consumption would continue to increase to satisfy the escalating demands. This would worse water supply-demand conflicts and result in penalties on local economy. Therefore, there is a need for studies to develop appropriate techniques to tackle future water shortage problems and minimize the associated penalties in response to the climate change impacts (Sefton et al., 1997; Eheart et al., 1999; Mimikou et al., 2000; Chiew et al., 2002) .
Without big investment as constructing infrastructure to store enough water, water trading has been proved as an efficient and economical method to handle water shortage problems (Dale, 1968; Anderson, 1983; Berker et al., 1996; Landry et al., 1998) . Moreover, water trading has an advantage of releasing water for ecosystem protection and water quality improvement during dry seasons in arid and semi-arid regions (Rosegrant et al., 1995; Tisdell, 2001) . In several countries, markets for entitlements to extract water have even been introduced as a mechanism for water redistribution (Dra- * Corresponding author: gordon.huang@uregina.ca gun et al., 1989; Topp et al., 1998; Brennan et al., 1999) . However, before building up a water trading system, it is important to estimate the efficiency of the planned trading system and analyze its possible impacts. Previously, a number of studies have been undertaken to investigate the efficiency of water trading (Saliba et al., 1987; Michelsen, 1994; Streeter, 1997) . For example, Rosegrant et al. (1995) investigated how to design water rights and supporting institutions to attain the objectives of efficient crop diversification and water use by drawing lessons from case studies in Chile, Mexico, and California; Wollmuth et al. (2000) explored the efficiency of water trading by studying the surface water withdrawal allocation and trading systems for traditionally riparian areas; Tisdell (2001) developed a linear program to analyze the water markets for agricultural water of the Border River in Australia.
However, complexities and uncertainties in water trading problems under changing climate may result in decreased efficiency of the trading systems. For example, it is hard to determine how much extra water should be delivered to satisfy the increasing demands when stream flows are decreasing under climate change impacts. Higher water allocation targets means increased investments in water infrastructure and raised penalties on local economy, when water shortages exist during dry seasons. Conversely, reducing the allocation targets results in lower risk of penalties under water scarcity and a higher risk of water-resources wastage. Such problems can often be formulated as two-stage stochastic programming (TSP) models (Anderson, 1968; Kall, 1979; Louveaux, 1980; Birge, 1985; Birge & Louveaux, 1988; Gassmann, 1990; Eiger & Shamir, 1991; Lustig et al., 1991; Sen, 1993; Ediris-inghe & Ziemba, 1994; Ruszczynski & Swietanowski, 1997; Beraldi et al., 2000; Dai et al., 2000; Darby-Dowman et al., 2000; Yoshitomi et al., 2000; Zhao, 2001) . In TSP, a decision is made at the first stage before random variables are known and then, after the random events have happened and their values are known, a second decision should be made in order to minimize penalties that may appear due to any infeasibility (Loucks et al., 1981; Birge et al., 1988; Ruszczynski, 1993) . In many real-world problems such as water trading in watersheds, most of available data is generally not of high quality to be presented as probability density distribution (PDF). Thus non-PDF information cannot be directly incorporated within conventional TSP problems. For example, PDF alone may not be capable of reflecting changes in water availability because of shifting hydrologic regime under climate change; rather water availability may be more conveniently represented as intervals. Moreover, it is extremely hard to solve a large-scale TSP model with all uncertain parameters being expressed as PDFs, even if these functions are available. Therefore, an efficient reflection of such uncertainties is critical in estimating the efficiency of a water trading system and analyzing its impacts.
To address such uncertainties in a TSP problem, an inexact two-stage stochastic programming (ITSP) model was introduced by Huang and Loucks (2000) . One advantage of the ITSP technique is that it can directly incorporate uncertainties expressed as discrete intervals and probabilities within a TSP framework. Recently, this technique has been successfully extended to deal with the problems of waste and water resources management . However, relations among parameters in water trading problems can be more complex, which can be better expressed as nonlinearity instead of linearity alone. Thus, it is desired to integrate nonlinear programming into the ITSP framework. This will lead to an inexact two-stage stochastic nonlinear programming (ITSNP) approach.
As an extension of the previous efforts, the objective of this study is to develop an ITSNP model for the management of water trading within an agricultural system under uncertainty. The proposed model will tackle nonlinearities, complexities, and uncertainties in water trading problems. This study will help design efficient water trading system to address water supply-demand conflicts under climate change impacts. The obtained solutions will provide valuable decision support for the management of water resources through water trading.
Modeling Formulation
Consider a problem in which a water trading system needs to be constructed among multiple users due to decreased water availability and increased water demands under climate change. Currently, water is allocated to these users in proportion to their water permits during dry seasons. By trading, water can be reallocated to its most efficient user. It is needed to know how much water all the users can expect with and without water trading. If insufficient water is available, how water trading will impact the penalties which they will suffer. Thus, the problem can be formulated as maximizing the net benefit for all users in order to maximize benefit of local economy. Given a quantity of water is promised to each user. In addition, various uncertainties exist in the water trading system components such as water-allocation targets, economic data, and water availability. Moreover, relations between reduction in net benefit and water shortage are nonlinear. Since the total water availability is a random variable, the objective function of this problem can be formulated as a two-stage stochastic nonlinear programming (TSNP) model as follows: Since Q is a random variable in model (1), the distribution of Q must be converted to an equivalent set of discrete values in order to solve model (1). Let Q takes values j Q with probabilities j p , where j defines p levels of water availability. Model (1) can be reformulated as follows (Loucks, 1981) :
where ij T are decision variables representing amount by which water-allocation target is not met to user i when total water availability is Q j (m 3 ); Q j is total water availability with probability p j of occurrence (m 3 ); p j is probability of occurrence under water availability j (%); j is flow level, j = 1, 2, …, v.
The above TSNP model can effectively deal with uncertainties presented in random water availability. It can set water-allocation target for each user through its first-stage decision variables (X i ). However, uncertainties may also exist in other parameters such as economic data (B i and D i ) and water-allocation targets (X i ), which generally exist as ambiguous intervals instead of deterministic values. Decision makers may find it harder to specify PDFs than to define fluctuation ranges (Huang & Loucks, 2000) . For instance, water-allocation targets can hardly be expressed as a PDF while it can be easily defined as an interval. Water availability can be expressed as not only a PDF, but also interval value. To reflect such uncertainties, interval parameters (Huang et al., 1993) can therefore be introduced into model (2), resulting in an inexact two-stage nonlinear programming (ITSNP) model:
where '-' and '+' superscripts represent the lower and upper bounds of the parameters, respectively. Traditionally, authorities allocate water to users with respect to their permits if available water is insufficient during dry seasons. Thus, according to model (3), the average net benefit without water trading can be obtained though the objective function as follows:
Constraints: (1) Relaxed constraints for water permits: The constraints describe that total expected water demand for each user is less than or equal to user's water permit.
(2) Relaxed constraints for water violation: The constraints ensure that the amount by which water-allocation target is not met is less than or equal to the allocation target.
(3) Relaxed constraints for water allocation in a dry seasons:
The constraints reflect that water should be proportionally allocated to users according to their issued permits before water trading when water availability is inadequate for all users.
(4) Relaxed constraint when total water availability is sufficient.
where 1   is average net benefit without water trading ($); i W  is water permit to user i (m 3 ); j Q  is total water availability with probability p j of occurrence (m 3 ). When water is tradable, all users are no longer constrained by their own water permits but theoretically by the aggregate supply of total water availability. Thus, average net benefit for all users ( 2   ) can be estimated by the objective function as follows:
Constraints: (1) Relaxed constraints for water permits: These constraints ensure that the water-allocation targets for each user are not constrained by their own permits when water is tradable.
(2) Relaxed constraints for water violation
(3) Relaxed constraints for water reallocation: When water is tradable, water can be reallocated to its most efficient user instead of proportionally distributed to each user according to their permits.
Models (4) and (5) both form an inexact two-stage stochastic nonlinear programming model without water trading and with water trading, respectively. They can deal with nonlinearities and uncertainties. When i X  are known, each of them can be transformed into two deterministic nonlinear submodels, which correspond to the lower and upper bounds of the desired objective function (Huang, 1996) . Since i X  is considered as inexact inputs in the ITSNP model, the existing methods for solving interval programming problems cannot be used directly.
According to Huang and Loucks (2000) , let ( )
approach their upper bounds, and it is assumed that the average net benefit will be the highest as long as the water demands are well satisfied; however, this is associated with a higher risk of penalty when the promised amount of water is not delivered. Conversely, when λ i is equal to 0, i X  reach their lower bounds, this will lead to a lower average net benefit and a lower risk of violating the promised amounts.
Thus, here λ i is a set of decision variables. A set of target values can be optimized by having λ i in models (4) and (5) 
Since the objective is to maximize average net benefit for all users, the objective function value corresponding to   1 is desired. A combination of the upper bounds for benefit coefficients and decision variables and the lower bounds for cost terms would correspond to   1 . Thus, the submodel corresponding to   1 can be expressed as:
where ij T  and λ i are decision variables. Submodel (7) is a deterministic nonlinear programming problem. Let ij (1) T  and λ i(1) be the optimized solutions of submodel (7). Then, the optimized water-allocation target for each user can be performed by calculating ( )
, which corresponds to the extreme upper bound of system benefit under uncertain inputs of water allocation amounts. The submodel corresponding to 1   can be formulated as follows:
subject to:
where ij T  are decision variables. Submodel (8) is also a deterministic nonlinear problem and its solution is similar to submodel (7). Thus, solutions of model (4) under the optimized water allocation targets are as follows: (8). Thus, the optimum water allocation scheme to each user under different probabilities of water availability is:
Similarity, model (5) can be solved the same as model (4). Solutions of model (5) are as follows:
When the water-allocation target and allocation scheme have been set, each user's net benefit under probability of occurrence j p can be obtained. For model (4), they can be calculated by:
( )
For model (5), they are:
Efficiency of water trading is evaluated based on the comparison of net system benefit gained per unit water consumed under different probabilities of water availability as follows:
where ( 
Application
To demonstrate usefulness of the proposed ITSNP modeling approach, it is applied to a semi-hypothetical problem of water trading within an agricultural system in order to evaluate whether water trading is a suitable method as an adaptation option to climate change impacts.
The agricultural system is located in a semi-arid region wherein three farmers plant wheat, bean, and sunflower; each farmer cultivates one type of crop. The farmers extract irrigation water from a local reservoir. The crop types, crop water demand, and related economic data are shown in Table 1  ( ICDC, 2003) . It is predicted that the probability of low-flow occurrence will increase under climate change, which will lead to decreased irrigation-water availability. It is also predicted that crop water demand will increase approximately 40% by period 2070-2090 because of the changing climate (Neilsen et al., 2001 ). To mitigate the water supply-demand conflict especially during a dry seasons, a water trading system is proposed to be constructed. Before developing such a trading system, it is needed to estimate efficiency of the proposed trading system and analyze its possible impacts on the agricultural system under uncertainties. Table 2 lists the amounts of irrigation water and the associated distributions.
Based on the data shown in Table 1 , a nonlinear relationship between reduction of net benefit and water shortage for each crop is developed. This nonlinear relationship is presented in Figure 1 as a monotone increasing curve. This curve indicates that relation between reduction of benefit and water shortage can be viewed as linear when the shortage is low. This implies that the relationship can be considered as linear within an interval. For example, when water shortage is within 0 to 500 × 10 3 m 3 , the relationship can be presented as Thus based on model (4), when water is not tradable, the problem under consideration can be formulated as follows:
subject to: According to model (5), when water is tradable, the problem can be formulated as follows:
where i x  is the fixed water-allocation target to farmer i (m 3 ); i y  is the amount by which i x  is not met; i h is areas of cropped land to farmer i (acre); i b  is net benefit to farmer i per unit of water allocated; i d  is reduction in net benefit to farmer i per unit of water not delivered; all remaining parameters are the same as mentioned in models (4) and (5).
Models (15) and (16) can be transformed into submodels similar as models (7) and (8), respectively. Solutions of these nonlinear submodels were obtained through LINGO optimization program (LINGO, 2003) . Table 4 presents the solutions obtained through model (15) when water is not tradable. It is indicated that the solutions of water shortage, allocation water, and net benefits are all interval values. The total water allocation target for all farmers is 10.262 million m 3 , which is less than their total water permits. Table 5 shows the average net benefit (
Result Analysis and Discussion
), net benefit of each farmer (Ψ ± ij(1) ), and total net benefit (Ψ ± ij(1) ) for all farmers when total amount of irrigation water is j Q  under probability p i without water trading. It is indicated that the average net benefit (
) to the system would range from $623,286 to $733,735 under different water allocation schemes. Moreover, the allocation to each farmer during dry seasons would be less than its target, which means that water violation existed and thus penalties paid. For example, when the total water amount would be from 4 to 4.5 million m 3 , the total net benefits of all farmers would be from $76,864 to $292,687. However, when the total available water amount would increase, the total net benefit would correspondingly increase and reach its maximum values ranging from $847,784 to $875,224 eventually. Table 6 shows obtained solutions through model (16) for the water allocation-target and allocation scheme with water trading. It is indicated that most of the solutions are presented as intervals. The total water-allocation target for all farmers is 10.041 million m 3 , which is also less than farmers' total water permits. Table 7 shows the average net benefit (
), net benefit of each farmer (Ψ ± ij(2) ), and total net benefits for all farmers (Ψ ± ij(2) ) when total irrigable water is j Q  under probability p i with water trading. It is shown that the average net benefit (   opt 2 ) would range from $675,978 to $749,692 under different water allocation schemes. For dry seasons, penalties would occur because of water shortage. For example, when the total available water amount would be 6.5 to 7 million m 3 , the total net benefits for all farmers would range between $556,541 and $658,816. However, the benefits would increase with increase in total irrigable water and reach their utmost values between $839,394 and $866,393. Tables 4 and 6 indicates that water would be transferred from farmers 1 and 3 to farmer 2 after trading since farmer 2 is more efficient user. Accordingly, the net benefit of farmer 2 would increase and farmers 1 and 3 decrease after trade. For example, water allocated to farmer 2 would be between 566.038 × 10 3 and 636.792 × 10 3 m 3 with corresponding net benefit of $156,459 to $251,896 without trading when water availability would be 4 to 4.5 million m 3 ; corresponding to decreased net benefit (i.e. loss) of $-28.292, -$3.927. This implies that farmers who contribute water after trading would get compensation from farmers who get water before trading. Table 8 shows the comparison of the total allocation water and the associated net benefits for all farmers with and without water trading. It is indicated that the water allocation target with trading would be less than the value without trading. However, the average net benefit with trading would be larger than the relevant value without trading. This means that trading would be efficient if reallocations are considered. Figure 2 presents the relationships between average net benefits and water allocation target with and without trading under different probabilities of water availability. It is shown that the efficiency of water trading would be higher during dry seasons. However, efficiency of trading would not be significant when total water supply would be adequate to all farmers. For example, during low flows, the unitary total net benefits would range from 0.0192 to 0.0650 $/m 3 without trading; however, they would range from 0.0549 to 0.0811 $/m 3 after trade when the probability water availability would be 0.15. In comparison, during high flows, the unitary total net benefits would range from 0.0818 to 0.0844 $/m 3 without trading and from 0.0836 to 0.0863 $/m 3 with trading under 0.15 to 0.2 probabilities. This implies that water trading would only have particular implications when there would be shortage of available water. Models (4) and (5) can also be solved by conventional two-stage stochastic nonlinear programming by letting all interval parameters be equal to their mid-values.
A comparison of
The obtained solution is a set of deterministic values. It represents a decision under an input scenario (mid-values for all parameters), and is actually one of many alternatives from the ITSNP. Although further sensitivity analysis can be undertaken for the TSP solution, numerous possibilities exist when many inputs are uncertain. For each possibility, the sensitivity analysis can only provide an individual response to variations of the uncertain inputs. It can hardly reflect interactions among these uncertainties (Huang & Loucks, 2000) .
From the case study, the decreased water allocation target with trading indicates that the cost of water available for other uses such as ecosystem protection can be measured. It should be noticed that releasing water from the agricultural system through water trading would create non-market benefits, such as improved water quality, more water for fish and other aquatic species (Tisdell, 2001) .
The case study assumes that relations between crop production and irrigation water are exponent for all three crops. This may not be true in most of real case studies since crop production is determined by not only the availability of irrigation water, but also factors such as weather conditions, fertilizers, and soil types. Since irrigation is the most critical factor for crop production in arid and semi-arid regions, the made assumption is reasonable.
Although the developed model is tested with a semihypothetical case, obtained results have demonstrated that the proposed approach is applicable to real-world problems. The ITSNP modeling approach can effectively tackle problems with nonlinear relationships and uncertainties in the form of intervals and probabilities. Moreover, it provides linkage between predefined policies and their economic implications.
Conclusions
(1) In this study, an inexact two-stage stochastic nonlinear programming (ITSNP) model is presented for analyzing the efficiency of water trading and its impacts on water management within an agricultural system under uncertainty.
(2) The ITSNP is derived by incorporating nonlinear programming within an ITSP optimization framework. The ITSNP improves upon conventional nonlinear programming, two-stage stochastic programming, and interval-parameter programming approaches. It can reflect not only nonlinearity of problems, but also allows uncertainties expressed as probability distributions and discrete intervals. Moreover, ITSNP provides a linkage between the predefined policies and the associated economic implications due to violation of these policies.
(3) The developed model is applied to a case study of water resources management with and without water trading schemes. The obtained results indicate that water trading is efficient for water reallocation during dry seasons when there is a shortage of available water. Moreover, it is found that water trading is a suitable method for adaptation to climate change impacts under scarcity of available water.
(4) Although ITSNP modeling study is the first attempt for adaptation to climate change through water trading, the results suggest that this nonlinear-hybrid technique is applicable to other problems that involve nonlinearities, uncertainties, and policies. 
